Stimulatory and inhibitory signals regulate cell proliferation through the activity of specific enzymes that operate in distinct phases of the cell cycle. We have studied cell cycle progression, arrest, and withdrawal in the oligodendrocyte progenitor (OP) cell model system, focusing on the G 1 phase and G 1 -S transition. Not only were proliferating OPs found to display higher protein levels of cyclin E and D and cyclin-dependent kinases (cdk) 2, 4, and 6 than cells that had permanently withdrawn from the cycle, but the kinase activities of both cyclin D-cdk4/6 and cyclin E-cdk2 were also higher in dividing OPs. This was associated with a decrease in the formation of the cyclin E-cdk2 and cyclin D-cdk4/cyclin D-cdk6 complexes in differentiated oligodendrocytes that had permanently withdrawn from the cell cycle. Reversible cell cycle arrest in G 1 induced by glutamatergic and ␤-adrenergic receptor activation or cell depolarization, however, did not modify cyclin E and cdk2 protein expression compared with proliferating OPs. Instead, these agents caused a selective decrease in cdk2 activity and an impairment of cyclin E-cdk2 complex formation. Although cyclin D protein levels were higher than in proliferating cells, cyclin D-associated kinase activity was not modified in G 1 -arrested OPs. Analysis in corpus callosum in vivo showed that cyclin E-cdk2 activity increased between postnatal days 3 and 15 and decreased between postnatal days 15 and 30. Our results indicate that the cyclin E-cdk2 complex is a major regulator of OP cell cycle progression and that the cdks involved in reversible cell cycle arrest are distinct from those implicated in permanent cell cycle withdrawal.
Our understanding of how neural cell proliferation is regulated during development is based on elucidating the network of molecular interactions that control cell cycle progression and arrest. Multiple proteins are responsible for coordinating advancement through each phase of the cycle, particularly G 1 phase and its restriction points, when a cell is committed to progression to S phase or is withdrawn from the cycle (Pardee, 1989; Hunter, 1993; Sherr, 1994; Weinberg, 1995; Elledge, 1996) . The formation of two major protein complexes and their associated kinase activities are required for G 1 -S progression: cyclin D-cyclindependent kinase (cdk) 4/6 is active in early G 1 phase, whereas cyclin E-cdk2 is required for entry into S phase (Reed et al., 1994; Morgan, 1995; Sherr, 1995) . Cyclin-dependent kinase inhibitors (cdkis) (Sherr and Roberts, 1995; Martin-Castellanos and Moreno, 1997) negatively regulate the activity of these complexes.
In the developing brain, neural precursor cell division is not only intrinsically driven but also responsive to the extracellular environment (Purves, 1988; Raff, 1996; Ross, 1996; Edlund and Jessell, 1999) . Soluble cellular factors modulate neural cell proliferation by influencing progression through G 1 phase (Ross, 1996) . Axonal inputs prolong cell cycle kinetics or promote G 1 -S transition in neural precursors (Selleck et al., 1992; Gong and Shipley, 1995) . Conversely, cell cycle withdrawal in G 0 -G 1 is induced by thyroid hormone and peptide factors (Pedram et al., 1998; Perez-Juste and Aranda, 1999) . Oligodendrocytes originate from progenitor cells (OPs) that proliferate, migrate, and differentiate postnatally (McCarthy and deVellis, 1980; Raff et al., 1983; Reynolds and Wilkin, 1988; Gard and Pfeiffer, 1990; Levison and Goldman, 1993; Luskin and McDermott, 1994; Zerlin et al., 1995) . Previous studies in culture and in vivo indicated that the cdkis p27 K ip1 and p21 C ip1 are important regulators of OP cell proliferation during development (Durand et al., 1997 (Durand et al., , 1998 Casaccia-Bonnefil et al., 1997 Tang et al., 1998; Ghiani et al., 1999a,b) . The levels of these cdkis increase in OP cells either during permanent cell cycle withdrawal and differentiation or during reversible cell cycle arrest in G 1 caused by neuronal signals (Durand et al., 1997 (Durand et al., , 1998 Casaccia-Bonnefil et al., 1997 Ghiani et al., 1999a,b) . In view of the known negative regulatory effects of p27 K ip1 and p21 C ip1 on the cyclin D-cdk4/6 and cyclin E-cdk2 complexes (Sherr and Roberts, 1995) , it can be concluded that regulation of G 1 phase progression is crucial for OP cell proliferation.
In the present study, we investigated neural cell cycle regulation in the OP cell model system. We analyzed the molecular mechanisms of cell cycle withdrawal and arrest in OPs and identified some of the proteins affected by neuronal signals. We focused on cyclin-cdks involved in G 1 -S transition and analyzed the formation of the cyclin E-cdk2 and cyclin D-cdk4/6 complexes as one of the mechanisms of regulation of the activity of these cdks (Morgan, 1995) . Our results indicate that the formation of the cyclin E-cdk2 complex and its activity play a crucial role in both processes and that cyclin E-cdk2 activity is downregulated in adult white matter.
MATERIALS AND METHODS
Materials. Platelet-derived growth factor (PDGF) (human, AB, and heterodimer forms) and basic fibroblast growth factor (bFGF) (human) were both from Upstate Biotechnology (Lake Placid, N Y). L-3,3Ј,5-triiodothyronine sodium salt was from C albiochem (La Jolla, CA). Isoproterenol, kainic acid, tetraethylammonium chloride (TEA), and veratridine were all from Sigma (St. L ouis, MO). Anti-cyclin D antibodies (anti-human and rabbit polyclonal) were from Upstate Biotechnology. Anti-cyclin E (rabbit polyclonal, M-20), anti-cyclin D1 (mouse monoclonal, 72-13G), anti-cdk2 (rabbit polyclonal, M2, or mouse monoclonal, D-12), anti-cdk4 (rabbit polyclonal, C -22), and anti-cdk6 (rabbit polyclonal, C -21) antibodies were all from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell cultures. Purified cortical OP cell cultures were prepared as described previously (Gallo et al., 1996; Ghiani et al., 1999a ) from embryonic day 20 Sprague Dawley rats. The animals were killed following the National Institutes of Health Animal Welfare guidelines. OP cells were plated onto poly-D-ornithine-coated plates (0.1 mg /ml) and cultured in DM EM-N1 biotin-containing medium. In cells cultured with PDGF (10 ng /ml), the growth factor was added to the culture medium 2 hr after plating for 48 hr. To differentiate OP cells into preoligodendrocytes or oligodendrocytes, OPs were cultured for 2 d in PDGF (10 ng /ml) and for 3 additional days in DM EM-N1 biotin-containing medium plus 0.5% fetal bovine serum (FBS) or in DM EM-N1 medium containing L-3,3Ј,5-triiodothyronine sodium salt (T3) (100 ng /ml). Previously, we demonstrated that in PDGF-treated cultures 100% of the cells expressed nestin and Ͼ90% of the nestin ϩ cells were GD3 ϩ or A2B5 ϩ (Gallo and Armstrong, 1995; Gallo et al., 1996) . Less than 5% of O4 ϩ cells and no O1 ϩ cells were found in these cultures (Gallo and Armstrong, 1995; Gallo et al., 1996) . In cultures maintained in N1 medium plus 0.5% FBS, 83.6 Ϯ 1.6% of the cells were O4 ϩ (n ϭ 10 microscopic fields; total cells counted, 1917), and 7.7 Ϯ 0.7% of the total cells were O1 ϩ (n ϭ 10 microscopic fields; total cells counted, 2235). In cultures treated with T3 hormone, 97.3 Ϯ 0.2% of the total cells were O1 ϩ (n ϭ 10 microscopic fields; total cells counted, 5332).
Immunoprecipitation and Western blot. For the immunoprecipitation of cyclin D and cyclin E in OP cultures, 2 ϫ 10 6 cells were washed twice and harvested in ice-cold PBS. The cell pellets were resuspended in 100 l of sample buffer [50 mM H EPES, pH 7.4, 150 mM NaC l, 1 mM EDTA, 2.5 mM EGTA, 1% Nonidet P-40 (N P-40), 1 mM Na 3 VO 4 , 4 M NaF, 10 g /ml leupeptin, 10 g /ml aprotinin, 10 g /ml pepstatin, and 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF)] and lysed for 45 min on ice, followed by a brief sonication. The lysate was clarified by centrif ugation at 12,000 rpm for 5 min, and the supernatant was collected. An aliquot was taken for protein determination using the Pierce (Rockford, IL) BCA* protein assay kit. C ell extracts (200 g) were then incubated for 2 hr at 4°C with saturating concentrations of monoclonal or polyclonal antibodies. The immune complexes were collected by incubating with protein A-or G-agarose (20 l; Santa Cruz Biotechnology) for polyclonal or monoclonal antibodies, respectively. The beads were then washed four times in washing buffer (50 mM H EPES, pH 7.4, 150 mM NaC l, 1 mM EDTA, 2.5 mM EGTA, 0.5% N P-40, 1 mM Na 3 VO 4 , 4 M NaF, 10 g /ml leupeptin, 10 g /ml aprotinin, 10 g /ml pepstatin, and 1 mM AEBSF) and once in 1ϫ PBS. Samples were resolved on 4 -20% mini-SDS polyacrylamide gel and transferred to Immobilon poly vinylidene difluoride (PV DF) membranes (Millipore, Bedford, M A). Blots were blocked with 5% nonfat dry milk in PBS-T (17 mM KH 2 PO 4 , 50 mM Na 2 HPO 4 , 1.5 mM NaC l, pH 7.4, and 0.05% T ween 20) for 1 hr at room temperature and then incubated overnight at 4°C in PBS-T plus 5% nonfat dry milk containing antibodies. Protein bands were detected using the Amersham ECL kit (Amersham Pharmacia Biotech, Piscataway, NJ), with horse-radish peroxidase-conjugated secondary goat anti-rabbit or goat anti-mouse antibodies (Transduction Laboratories, Lexington, K Y). Relative intensities of the protein bands were quantified by scanning densitometry (Scanwizard Plug-in; Microtek, Redondo Beach, CA).
For Western blotting, 20 -25 g of the cell extracts were resolved on a 4 -20% mini-SDS polyacrylamide gel and transferred to Immobilon PV DF membranes. Equal protein loading was verified by ponceau S solution (Sigma) reversible staining of the blots. Blots were processed as reported previously (Ghiani et al., 1999a,b) .
Corpus callosum or optic nerve from postnatal day 3 (P3) to P30 rats was homogenized in 100 -300 l of sample buffer (50 mM H EPES, pH 7.4, 150 mM NaC l, 1 mM EDTA, 2.5 mM EGTA, 1% N P-40, 1 mM Na 3 VO 4 , 4 M NaF, 10 g /ml leupeptin, 10 g /ml aprotinin, 10 g /ml pepstatin, and 1 mM AEBSF), followed by 30 min incubation on ice. The lysate was clarified by centrif ugation at 12,000 rpm for 5 min, and the supernatant was collected. An aliquot was taken for protein determination using the Pierce BCA* protein assay kit. Tissue extract (30 g) were resolved on a 4 -20% mini-SDS polyacrylamide gel and processed as described above for Western blot.
Kinase assays. C yclin D-associated kinase activity was determined as reported previously (Matsushime et al., 1994) with minor modifications. OP cells were cultured in 35 mm dishes and lysed in 250 l of lysis buffer (50 mM H EPES, pH 7.4, 150 mM NaC l, 1 mM EDTA, 2.5 mM EGTA, 0.5% N P-40, 10% Na 4 P 2 O 4 , 1 mM Na 3 VO 4 , 4 M NaF, 10 g /ml leupeptin, 10 g /ml aprotinin, 10 g /ml pepstatin, and 1 mM AEBSF). C ell lysates (100 g) were immunoprecipitated with a saturating concentration of a mouse monoclonal antibody to cyclin D1 (72-13G; Santa Cruz Biotechnology) for 2 hr at 4°C. The immune complexes were collected on 20 l of protein G-agarose (Santa Cruz Biotechnology). To measure cdk2-associated activity, cells or tissues were lysed in 50 mM H EPES, pH 7.4, 250 mM NaC l, 5 mM EDTA, 0.5% N P-40, 10% Na 4 P 2 O 4 , 1 mM Na 3 VO 4 , 4 M NaF, 10 g /ml leupeptin, 10 g /ml aprotinin, 10 g /ml pepstatin, and 1 mM AEBSF. C ell or tissue lysates (50 g) were then immunoprecipitated with a rabbit polyclonal antibody against cdk2 (M2; Santa Cruz Biotechnology) for 2 hr at 4°C plus 20 l of protein A-agarose (Santa Cruz Biotechnology). The beads were washed three times with 500 l of lysis buffer and two additional times with 1ϫ kinase assay buffer (50 mM H EPES, pH 7.4, 50 mM MgC l 2 , and 1 mM DTT) before performing the kinase reaction. K inase reaction mixtures (20 l) contained 10 g of glutathione S-transferase -retinoblastoma protein (pRb) (Santa Cruz Biotechnology) or 2 g of histone H1 (Upstate Biotechnology) as substrates, 20 M ATP, and 2 Ci [␥-32 P]ATP (New England Nuclear, Boston, M A). Reactions were stopped by adding 20 l of 2ϫ SDS loading buffer and heating at 95°C for 3 min. Labeled proteins were resolved on 4 -20% mini-SDS polyacrylamide gels, which were dried. Phosphorylated pRb or histone H1 bands were visualized and quantitated by PhosphorImager (Molecular Dynamics, Sunny vale, CA).
RESULTS

Cell cycle withdrawal and arrest differentially affect cyclin E-and cyclin D-associated kinase activities
OPs were cultured for 2-3 d either in PDGF or in the absence of mitogenic factors, under conditions that promoted their lineage progression into preoligodendrocytes (N1 plus 0.5% FBS) or differentiated oligodendrocytes (N1 plus T3 hormone). In parallel experiments, we observed that OPs cultured under either of these conditions and then exposed to PDGF did not incorporate bromodeoxyuridine (C. A Ghiani and V. Gallo, data not shown), indicating that these cells had permanently withdrawn from the cycle.
In agreement with previous studies Tikoo et al., 1997) , the expression of both the regulatory subunits cyclin E and cyclin D was strongly reduced in cells that had withdrawn from the cycle (culture conditions, N1 with or without T3) compared with cells cultured with PDGF ( Fig. 1 A, Table 1 ). The levels of the cdks partners of these cyclins, cdk2 and cdk4/6, were also significantly decreased in OPs cultured in the absence of mitogens ( Fig. 1 A, Table 1 ) Tikoo et al., 1997) . Conversely, agents that caused reversible G 1 arrest and inhibited OP cell proliferation (Ghiani et al., 1999a,b) affected only cyclin D. A 48 hr treatment with the glutamate receptor (GluR) agonist kainate, the ␤-adrenergic receptor (␤-AR) agonist isoproterenol, the K ϩ channel blocker TEA, or the Na ϩ channel activator veratridine did not significantly modify cyclin E, cdk2, cdk4, and cdk6 protein levels ( Fig.  1 B) . On the other hand, all of these agents significantly increased cyclin D protein levels ( Fig. 1 B, Table 1 ).
Permanent cell cycle withdrawal or reversible arrest in G 1 phase are often attributable to a reduction in the activity of the cyclin-cdk complexes that promote cell cycle progression through this phase, i.e., cyclin E-cdk2 and cyclin D-cdk4/6. Cyclin D-associated activity was measured by its ability to phosphorylate the endogenous substrate pRb. In OP cells that had withdrawn from the cycle, the activity of cyclin D-cdk4/6 complexes was reduced by 30% compared with PDGF-treated cells (Fig. 2) . In dividing OP cells, none of the antiproliferative agents (isoproterenol, kainate, TEA, or veratridine) affected cyclin D-associated kinase activity (Fig. 2) . These results suggest that different mechanisms mediate permanent cell cycle withdrawal or cell cycle arrest in G 1 phase.
The cyclin E-cdk2 complex is required for the progression from G 1 to S phase. Figure 3 shows that the activity of cdk2 was primarily reduced in OP cells that had irreversibly withdrawn from the cycle compared with proliferating OP cells cultured with PDGF (76 and 83% decrease in cells cultured in N1 and T3, respectively). A decrease of 50 -60% in cdk2 kinase activity was also observed after treatment of OP cells with GluR or ␤-AR agonists, the K ϩ channel blocker TEA, or depolarization with veratridine (Fig. 3) .
The time course of regulation of cyclin E-cdk2 activity is consistent with cell cycle withdrawal or arrest in G 1 phase
The time course of cdk2 activity regulation was analyzed under conditions that caused cell cycle withdrawal or cell cycle arrest to demonstrate that activity of this cdk was primarily associated with G 1 phase. In OP cells cultured with PDGF for 2 d, we observed that cdk2 activity dropped by ϳ50% within the first 6 hr after growth factor removal and to very low levels within 18 hr after PDGF withdrawal (Fig. 4 A) .
In a complementary set of experiments, we analyzed the time course of stimulation of cdk2 activity by two mitogenic factors. Figure 4 B shows that both PDGF and bFGF significantly increased cdk2 activity within 18 hr. In OPs cultured with PDGF, cdk2 activity continued to increase up to 48 hr, whereas in bFGF-treated cells, it reached a plateau between 18 and 24 hr and then decreased (Fig. 4 B) . These results indicate the following: (1) the 6 -18 hr time window of OP cell cycle is critical for regulation of cdk2 activity and cell cycle progression, and (2) cdk2 activity plays an important role in progression through G 1 phase.
This was confirmed by the finding that a similar time course of cdk2 activity regulation was observed in OP cells cultured with PDGF and agents that caused reversible G 1 arrest (Ghiani et al., 1999a,b) . Figure 5 shows that kainate, isoproterenol, and TEA prevented the increase in cdk2 activity observed in PDGF-treated cells between 6 and 18 hr. After 48 hr treatment, cdk2 activity was high in PDGF-treated cells but barely detectable in cells treated with PDGF and the agents that caused G 1 -arrest (Fig. 5A ).
The decrease in cyclin E-cdk2 activity is attributable to inhibition of cyclin E-cdk2 complex formation
Inhibition of cdk2 activity could involve a decrease in cyclin E-cdk2 complex formation (Koff et al., 1993) . To test this hypothesis, we determined the relative amount of cdk2 associated to cyclin E in OP cell extracts by immunoprecipitation of the complex with an anti-cyclin E antibody, followed by Western blot analysis of the immunoprecipitate with an anti-cdk2 antibody. Figure 6 A shows that permanent OP cell cycle withdrawal caused a large decrease in the amount of cyclin E-associated cdk2 (OPs cultured in N1). Furthermore, T3 hormone treatment of the cells almost completely prevented the association of cdk2 to cyclin E (Fig. 6 A) . All of the agents that caused reversible G 1 arrest in OP cells strongly impaired cyclin E-cdk2 complex formation (Fig. 6 A) .
Interestingly, formation of the cyclin D-cdk4 complex in OP cells was primarily impaired by culture conditions that promoted permanent cell cycle withdrawal, but not by agents that caused Figure 1 . The protein levels of G 1 -S cdks and cyclins are modified during permanent cell cycle withdrawal and reversible G 1 arrest. A, Expression of G 1 -S cdks and cyclins is downregulated in postmitotic oligodendrocytes compared with proliferating OPs. OP cells were cultured for 2 d in PDGF (10 ng/ml), followed by 3 d in N1 plus 0.5% FBS medium or N1 plus T3 (100 ng/ml) hormone medium to promote differentiation to oligodendrocytes. Proliferating OPs were harvested after 48 hr. Western blot analysis was performed by loading 20 -25 g of cell lysates for each sample. B, Neurotransmitter receptor activation, blockage of K ϩ channels, and cell depolarization do not affect cdk protein levels. OP cells were cultured for 48 hr with PDGF in the presence or in the absence of the GluR agonist kainate (kai; 100 M), the K ϩ channel blocker TEA (5 mM), the Na ϩ channel opener veratridine (ver; 30 M), or the ␤-AR agonist isoproterenol (iso; 50 M). A summary of quantitative changes in cdks and cyclins is shown in Table 1 . . Permanent cell cycle withdrawal and reversible G 1 arrest strongly decrease cyclin E-cyclindependent kinase 2 activity. In the top panel, OPs were cultured for 2 d in PDGF and then for 3 d in N1 plus 0.5% FBS medium or N1 plus T3 (100 ng/ml) hormone medium. In the bottom panel, cells were cultured for 2 d with PDGF in the presence or in the absence of the ␤-AR agonist isoproterenol (iso; 50 M), the GluR agonist kainate (kai; 100 M), the K ϩ channel blocker TEA (5 mM), or the Na ϩ channel opener veratridine (ver; 30 M). Cdk2-associated kinase activity was determined after immunoprecipitation of 50 g of total cellular protein extracts with anti-cdk2 antibodies and by using histone H1 as a substrate. Data were obtained after PhosphorImager analysis of the autoradiographs and are expressed as percentage of cdk2-associated kinase activity found in cells cultured in PDGF. Averages of four (top) and eight (bottom) separate experiments are shown. Error bars are SEM. *p Ͻ 0.05, **p Ͻ 0.001, and ***p Ͻ 0.0001 versus PDGF (Student's t test). reversible G 1 arrest (Fig. 6 B) . Conversely, all of these agents had opposite effects, i.e., increased cyclin D-cdk4 complex formation (Fig. 6 B) . In addition, formation of the cyclin D-cdk6 complex in OPs was decreased only under conditions that promoted cell cycle withdrawal and maturation to the O1 ϩ stage (Fig. 6C, T3 lane) .
Cyclin E and cdk2 levels and cyclin E-cdk2 activity decrease in corpus callosum during development in vivo
To correlate our findings on the expression and regulation of cell cycle protein in cultured OP cells with OP development in vivo, we analyzed the G 1 -S cyclin and cdk proteins and their activity in corpus callosum during postnatal development. Figure 7A shows that cdk2 and cyclin E levels were rather constant before P15 and sharply decreased between P15 and P30. Cyclin D levels did not significantly change before P15 and decreased between P15 and P30. Both cdk4 and cdk6 displayed a significant decrease between P10 and P30. Finally, cyclin E-cdk2 activity progressively increased between P3 and P15 and then decreased between P15 and P30 (Fig. 7B) . Similar results were also obtained when G 1 -S cyclin and cdk levels were analyzed in postnatal optic nerve tissue by Western blot (data not shown). Cyclin E and cyclin D levels decreased by ϳ50% between P3 and P15 and were barely detectable by P30. Relative to the levels measured at P3, cdk2 decreased by 17% between P10 and P15 and by 75% between P15 and P30. Cdk4 levels were unchanged between P3 and P15 but decreased by 50% between P15 and P30. Finally, cdk6 levels sharply decreased by 70 -80% between P3 and P15 and were barely detectable by P30.
In conclusion, the analysis in white matter tissue indicates that, consistent with the results obtained in cultured cells, cdk2 and cyclin E as well as cyclin E-cdk2 activity decrease during oligodendrocyte maturation in vivo. Furthermore, similar to cultured OPs, cdk4 and cdk6 levels decreased after oligodendrocyte differentiation in vivo.
DISCUSSION
During development, proliferating OP cells must undergo cell cycle arrest and withdrawal before they differentiate into mature oligodendrocytes (for review, see Orentas and Miller, 1997; Rogister et al., 1999) . Therefore, the analysis of cell cycle exit in OP cells is relevant to our understanding of oligodendrocyte development. We have used purified rat OP cells to investigate the molecular mechanisms that regulate permanent cell cycle withdrawal and reversible arrest in the oligodendrocyte lineage. Our findings demonstrate that distinct cyclin-cdk complexes are involved in reversible cell cycle arrest and permanent withdrawal in OP cells and that cyclin E-cdk2 and its associated activity is a major regulator of OP G 1 -S progression and decision to divide (Fig. 8) .
Previous studies in cultured cells and in mutant mice have analyzed some of the cell cycle regulatory mechanisms in OP cells, with a focus on proteins involved in G 1 -S progression Durand et al., 1997 Durand et al., , 1998 Tang et al., 1998; Ghiani et al., 1999a,b) . One of the mechanisms that has received much attention involves the cdki p27 K ip1 and its binding to the cyclin E-cdk2 complex. Expression of p27 K ip1 is inversely correlated with the proliferative potential of OPs Durand et al., 1997; Ghiani et al., 1999a) . Antiproliferative agents that cause reversible cell cycle arrest in G 1 phase stimulate p27 K ip1 accumulation in OP cells (Ghiani et al., 1999a,b) , and p27 K ip1 is involved in cAMPinduced cell cycle withdrawal and differentiation of a glial cell line after cAMP treatment (Friessen et al., 1997) .
The increase in p27 K ip1 protein levels observed during OP cell differentiation results in an enhancement of its binding to the cyclin E-cdk2 complex and inhibition of cdk2 activity Tang et al., 1998) . Ectopic expression of p27 K ip1 in OP cells causes a significant reduction in cyclin E-cdk2 activity and cell cycle arrest (Tikoo et al., 1998; Tang et al., 1999) .
The aim of the present study was to determine whether, in Figure 4 . The time course of regulation of cyclin E-cdk2 activity is consistent with permanent cell cycle withdrawal in G 1 phase. A, OPs were cultured for 2 d in PDGF and then placed in N1 plus 0.5% FBS medium or N1 plus T3 (100 ng/ml) hormone medium for up to an additional 48 hr. OP cells were harvested at different times after changing from the PDGF-containing culture medium to the mitogen-free medium. B, Newly plated OPs were cultured for a total of 2 d in PDGF or in bFGF (both 10 ng/ml). OP cells were harvested at different times after adding PDGF or bFGF to the culture medium. Cdk2-associated kinase activity was determined after immunoprecipitation of 50 g of total cellular protein extracts with anti-cdk2 antibodies and by using histone H1 as a substrate. The plots represent relative levels of cdk2-associated activity, obtained by PhosphorImager analysis of the autoradiographs shown on the left. Both A and B show representative experiments that were replicated twice with similar results.
addition to p27 K ip1 -mediated inhibition of cyclin E-cdk2 activity, other mechanisms could regulate permanent cell cycle withdrawal and reversible arrest in OP cells. We analyzed the cyclins and cdks involved in OP G 1 -S progression, in particular the formation and activity of cyclin D-cdk4/6 and cyclin E-cdk2. Our study indicates that experimental paradigms inducing either permanent cell cycle withdrawal or reversible arrest impaired the formation of these complexes and strongly affected their kinase activities.
Under all of the experimental conditions used, we observed a direct correlation between activity of a specific cdk and its ability to associate with its cyclin partner. All of the treatments that modified cdk2 and cyclin D-associated kinase activity also affected formation of the cyclin E-cdk2 and cyclin D-cdk4 complexes. Conversely, none of the antiproliferative agents that cause reversible G 1 arrest in OP cells decreased cyclin D-cdk4 or cyclin D-cdk6 complex formation and activity. Interestingly, we observed an increase in cyclin D-cdk4 complex formation after treatment of OP cells with agents that caused G 1 arrest (Fig. 6 B) , possibly attributable to the increase in cyclin D protein levels under the same conditions (Fig. 1 B) (Sherr and Roberts, 1999) . However, these changes did not result in a significant increase in cyclin D-associated kinase activity (Fig. 2) .
We also observed insignificant changes in cyclin D-cdk6 complex formation under any of the experimental conditions used, except after treatment of OP cells with T3 hormone (Fig. 6C) . This finding suggests that the decrease in cyclin D-associated kinase activity observed after withdrawal of mitogenic factors and/or T3 treatment is mostly attributable to changes in cdk4 activity. This interpretation is supported by the decrease in the levels of cyclin D-associated cdk4 under the same experimental conditions.
Our analysis in OP cells indicates that changes in cyclin and cdk protein levels are not inevitably associated with altered cyclincdk complex formation and/or activity. For example, cyclin D and cdk6 protein levels decreased after mitogen withdrawal (Fig. 1 A) , but no parallel change in cyclin D-cdk6 complex assembly was observed, unless cells were also treated with T3 hormone (Fig.  6C) . Antiproliferative agents significantly increased cyclin D levels (Fig. 1 B) without modifying cyclin D-cdk6 complex assembly (Fig. 6C) . On the other hand, all of the agents that caused reversible G 1 arrest in OP cells strongly prevented cyclin E-cdk2 complex formation (Fig. 6 A) , without affecting the relative levels of either protein (Fig. 1 B) . It can be concluded that, to assign specific roles to cdks and their cognate cyclins in cell cycle progression and to understand the relevant mechanisms of regulation, both cyclin-cdk complex formation and activity must be analyzed.
Cyclin E-cdk2 kinase activity plays a central role in the regulation of cell cycle progression in mammalian cells (Koff et al., 1992; Ohtsubo et al., 1995) , including glia (Ghiani and Gallo, 1999; Tikoo et al., 2000) . The present study shows that assembly and activity of this enzymatic complex are strongly reduced when OP cells are cultured under conditions that cause permanent cell cycle withdrawal or reversible arrest in G 1 (Fig. 8) . Activation and deactivation of this enzymatic complex occur with a time course that is consistent with the pivotal role of cyclin E-cdk2 in G 1 -S transition in OPs, because a strong upregulation of this kinase was observed in quiescent cells within 18 hr after treatment with mitogenic factors (Fig. 4) . The differences in kinase activity observed between cells treated in PDGF and bFGF (Fig. 4) further support the notion that cyclin E-cdk2 is a major regulator of OP cell cycle progression. The finding that 48 hr after treatment with growth factors cyclin E-cdk2 activity is significantly lower in bFGF than in PDGF correlates well with previous studies showing that cells cultured in bFGF display an O4 ϩ / preoligodendrocyte phenotype and divide more slowly than A2B5 ϩ /NG2 ϩ OPs (Dubois-Dalcq, 1987; Gard and Pfeiffer, 1990) .
The increase in the protein levels of the G 1 phase marker cyclin D caused by GluR and ␤-AR activation or blockage of K ϩ channels ( Fig. 1 B) is consistent with our previous reports showing that the same treatments caused an increase in the cdkis p27 K ip1 and p21 C ip1 and G 1 arrest in OP cells (Ghiani et al., 1999a,b) . Here we show that treatment with these agents also impaired the formation of the cyclin E-cdk2 complex (Fig. 6 A) and strongly decreased its kinase activity (Fig. 3) , indicating that this parallel mechanism is also in place to prevent OP cells from entering S phase (Fig. 8) .
We have shown previously that the ␤-AR agonist isoproterenol inhibits OP cell proliferation and stimulates lineage progression (Ghiani et al., 1999a) . In the present study, we demonstrate that the mechanism of action of isoproterenol is different from that of constitutive maturation triggered by withdrawal of mitogenic factors. In OPs cultured in N1 medium with or without T3 hormone, Figure 5 . The time course of regulation of cyclin E-cdk2 activity is consistent with cell cycle arrest in G 1 phase. Newly plated OPs were cultured for a total of 2 d in PDGF, in the presence or in the absence of the ␤-AR agonist isoproterenol (iso; 50 M), the GluR agonist kainate (kai; 100 M), or the K ϩ channel blocker TEA (5 mM). OP cells were harvested at different times after adding PDGF and the antiproliferative agents to the culture medium. Cdk2-associated kinase activity was determined after immunoprecipitation of 50 g of total cellular protein extracts with anti-cdk2 antibodies and by using histone H1 as a substrate. The plots represent relative levels of cdk2-associated activity, obtained by PhosphorImager analysis of the autoradiographs shown in A. Both A and B refer to a representative experiment that was replicated twice with similar results. the protein levels of the major G 1 -S cdks were strongly decreased ( Fig. 1 A) , whereas in cells treated with isoproterenol no change was observed (Fig. 1 B) . These differences are probably related to previous observations that the effects of isoproterenol were reversible (Ghiani et al., 1999a) , whereas OPs that were cultured without mitogenic factors had irreversibly withdrawn from the cell cycle.
Isoproterenol causes a strong increase in intracellular cAMP levels in OP cells (Ghiani et al., 1999a) ; however, the mechanism of cell cycle arrest induced by ␤-AR agonist appears to be distinct from that described previously for cAMP in macrophages because of an inhibition of cdk4 activity . In contrast, isoproterenol did not modify cyclin D-associated kinase activity (Fig. 2) or phopshorylation of the cdk4 substrate pRb in OP cells (Ghiani and Gallo, data not shown) .
Our findings in cultured OPs are consistent with the analysis of G 1 -S regulatory proteins performed in white matter in vivo. In corpus callosum, both cdk2 and cyclin E levels, as well as cyclin E-cdk2 activity, decreased between P15 and P30 (Fig. 7) , i.e., during and after terminal division and differentiation of immature oligodendrocytes. The increase in cyclin E-cdk2 activity observed between P3 and P15 most likely reflects the final rounds of division of immature oligodendrocytes in this brain area and, interestingly, occurs without significant changes in cyclin E and cdk2 protein levels. In contrast to cultured OPs, however, we observed no change in cyclin D levels in corpus callosum during development. The reason for this difference is not yet clear; however, a downregulation of cyclin D was observed in optic nerve during postnatal development (data not shown).
Recent studies have shown the presence of anatomical contacts between neurons and OPs or immature oligodendrocytes in the developing brain. Functional synaptic contacts between glutamatergic terminals and immature oligodendrocytes have been dem- Figure 6 . The decrease in cyclin E-cdk2 activity is associated to inhibition of cyclin E-cdk2 complex formation. Left panels, OP cells were cultured for 2 d in PDGF (10 ng/ml), followed by 3 d in N1 plus 0.5% FBS medium or N1 plus T3 (100 ng/ml) hormone medium to promote differentiation to oligodendrocytes. Right panels, Newly plated OP cells were cultured for 2 d with PDGF in the presence or in the absence of the ␤-AR agonist isoproterenol (iso; 50 M), the GluR agonist kainate (kai; 100 M), the K Cdk2 and cyclin E protein levels and cyclin E-cdk2 activity decrease in corpus callosum during development in vivo. A, Expression of cyclin E, cyclin D, and cdk2 decreases between P15 and P30 in corpus callosum tissue extracts. The levels of cdk4 and cdk6 decrease between P10 and P30. Western blot analysis was performed by loading 30 g of tissue lysate for each sample. B, Changes in cyclin E-cdk2 activity in corpus callosum tissue extracts during development. Note the progressive increase in cdk2-associated activity between P3 and P15 and the decrease by P30. Cdk2-associated kinase activity was determined after immunoprecipitation of 50 g of tissue extracts with anti-cdk2 antibodies and by using histone H1 as a substrate. onstrated in the hippocampus (Bergles et al., 2000) . In the visual cortex, noradrenergic terminals make direct synaptic contacts with oligodendrocytes (Paspalas and Papadopoulos, 1996) . It appears, therefore, that OPs and immature oligodendrocytes can receive glutamatergic and noradrenergic signals from neurons in vivo, which might affect OP cell cycle progression and differentiation (Gallo and Ghiani, 2000; Gallo et al., 2001 ). The present study describes some of the cell cycle proteins targeted by these neuronal signals.
In conclusion, our study not only identifies the major cell cycle components involved in the regulation of OP proliferation, cell cycle arrest, and withdrawal, but also has important implications for our understanding of how physiological signals modulate OP development in vivo. 
